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Antigen-dependent T cell activation drives the for-
mation of signaling microclusters containing the
adaptor SLP-76. Costimulatory integrins regulate
SLP-76 phosphorylation and could influence SLP-76
microclusters in the integrin-rich periphery of the
immune synapse. We report that costimulation by
the integrin VLA-4 (a4b1) required SLP-76 domains
implicated inmicrocluster assembly. Pro-adhesive li-
gands enlarged the contact and increased the num-
ber of SLP-76 microclusters regardless of their costi-
mulatory potential. Costimulatory VLA-4 ligands also
prevented the centralization of SLP-76, promoted
microcluster persistence, prolonged lateral inter-
actions between SLP-76 and its upstream kinase,
ZAP-70, and retained SLP-76 in tyrosine-phosphory-
lated peripheral structures. SLP-76 centralization
was driven by dynamic actin polymerization and
was correlated with inward actin flows. VLA-4 liga-
tion retarded these flows, even in the absence of
SLP-76. These data suggest a widely applicable
model of costimulation, in which integrins promote
sustained signaling by attenuating cytoskeletal
movements that drive the centralization and inactiva-
tion of SLP-76 microclusters.
INTRODUCTION
VLA-4 (a4b1 integrin) promotes T cell adhesion and trafficking in
response to ‘‘inside-out’’ signals initiated by chemokine and an-
tigen receptors (Sixt et al., 2006). However, VLA-4 is also a potent
costimulatory receptor whose effects on lymphocyte activation
are most pronounced when antigen affinity and abundance are
low (Carrasco and Batista, 2006; Doucey et al., 2003; Udagawa
et al., 1996). The pro-adhesive functions of VLA-4 could facilitate
antigen recognition by favoring the expansion of the immune
synapse. Alternately, T cell costimulation might require the ‘‘out-
side-in’’ signals transmitted by the tails of the a4 and b1 integrin
subunits (Doucey et al., 2003; Kamiguchi et al., 1999). Finally,
VLA-4 could enhance antigen recognition by co-opting elements
of antigen-receptor-dependent signaling pathways, including810 Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc.ITAM-containing adaptors, Syk-family tyrosine kinases, and
the adaptor SLP-76 (Jakus et al., 2007; Luckashenak and Clem-
ents, 2007).
SLP-76 is required for the transmission of signals by antigen
receptors and integrins (Koretzky et al., 2006). Critically, SLP-
76 is a core component of a signaling complex nucleated by
the lipid-raft-associated adaptor, LAT. This complex is assem-
bled after the phosphorylation of LAT and SLP-76 by the T cell
receptor (TCR)-associated tyrosine kinase, ZAP-70. Through
its associated effectors, SLP-76 regulates several pathways
that are prominently influenced by VLA-4 ligation, including cal-
cium elevations, the activation of the transcription factors NF-AT
and NF-kB, cytokine production, and T cell proliferation (Kore-
tzky et al., 2006; Sedwick and Altman, 2004). In addition, these
effectors contribute to the regulation of cytoskeletal morphol-
ogy, which is also profoundly influenced by VLA-4 ligation.
Thus, SLP-76 represents a viable ‘‘integration point’’ for signals
initiated by the TCR and VLA-4.
Effective T cell activation is strictly associated with the forma-
tion of persistent SLP-76 microclusters (Bunnell et al., 2006).
These structures are generated in the periphery of the contact,
in close proximity to TCR microclusters (Bunnell et al., 2002;
Yokosuka et al., 2005). Shortly after their formation, SLP-76 mi-
croclusters are transported toward the center of the contact.
This movement occurs without regard for the lateral mobility
of the TCR, indicating that SLP-76 microclusters can persist
apart from TCR microclusters and do not require ongoing inter-
actions with the TCR for their translocation. Furthermore, the
processes that drive the segregation of SLP-76 from its
upstream kinase, ZAP-70, could contribute to the down-modu-
lation of TCR-induced signaling complexes within the center
of the contact (Campi et al., 2005; Lee et al., 2003; Varma
et al., 2006).
The tyrosine-kinase-dependent pathways classically associ-
ated with T cell activation are preferentially engaged in the
VLA-4-rich periphery of the contact (Bunnell et al., 2002; Mittel-
brunn et al., 2004). This restriction might arise because actin
polymerization, which is required for the maintenance of anti-
gen-dependent calcium elevations, is confined to an analogous
peripheral domain (Bunnell et al., 2001; Valitutti et al., 1995).
This hypothesis is especially appealing because the TCR,
SLP-76, and VLA-4 all couple to the actin cytoskeleton (Billa-
deau et al., 2007). These interactions could facilitate T cell cos-
timulation by creating localized, but functional, links among
these proteins.
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behavior of SLP-76, we immobilized noncostimulatory and
costimulatory pro-adhesive ligands on glass surfaces bearing
TCR-specific activating antibodies (Bunnell et al., 2003). All
pro-adhesive ligands facilitated contact formation and increased
the number of SLP-76microclusters observed per cell. However,
these effects were not sufficient to explain the VLA-4-specific in-
creases in NF-AT activation and cytoplasmic calcium. Instead,
costimulation by VLA-4 was correlated with the retention of
SLP-76 microclusters in close proximity to ZAP-70-containing
microclusters in the periphery of the contact. Furthermore, we
determined that these changes were associated with dramatic
reductions in the inwardly directed actin flows that centralize
SLP-76 microclusters. These observations provide new insights
into the mechanisms of crosstalk between integrins and antigen
receptors.
RESULTS
SLP-76 is Required for Integrin-Dependent
T Cell Costimulation
To examine how SLP-76 contributes to the integration of anti-
gen- and integrin-dependent signals, we examined the tran-
scriptional responses of SLP-76-deficient J14 T cells that
had been stably reconstituted with EGFP.SLP-76 chimeras
(Figure 1A). These cells were stimulated on glass substrates
coated with the CD33-specific antibody, OKT3, in the presence
or absence of fibronectin, which is a ligand for a4b1, a5b1, and
a4b7 integrins. Fibronectin-dependent increases in transcription
from a reporter responsive to ternary complexes of NF-AT and
AP-1 (NF-AT:AP-1) were strictly dependent on SLP-76 (Figures
1B and 1C) and were abolished by mutations inactivating the
Gads-binding motif (‘‘G2’’ mutant; Figure 1D) or the SH2 domain
(‘‘RK’’ mutant; Figure 1E). SLP-76 chimeras bearing the latter
mutations are not assembled into microclusters after TCR liga-
tion (Bunnell et al., 2006), suggesting that intact SLP-76 micro-Figure 1. VLA-4-DependentCostimulation of anNF-ATPromoter
Requires Multiple Domains within SLP-76
(A) The domain structure of SLP-76, displaying prominent binding
partners.
(B–E) J14 cells stably expressing EGFP.SLP-76 chimeras were assayed
for NF-AT activation on surfaces coated with OKT3 alone (B), OKT3
and 3 mg/ml fibronectin (6), or OKT3 and 1 mg/ml TS2/16 (>). The
responses of cells expressing EGFP ([B], J14.EGFP), wild-type
EGFP.SLP-76 ([C], J14.WT), Gads-binding-domain mutant EGFP.SLP-
76 ([D], J14.G2), or SH2-domain mutant EGFP.SLP-76 ([E], J14.RK) are
shown. The mean ± SD of triplicate wells is shown; all plots are represen-
tative of two independent experiments.
clusters are required for the transmission of costimulatory
signals by integrins. Comparable costimulation was ob-
served in response to TS2/16, a monoclonal antibody that
binds and directly activates b1 integrins (Figure 1C). Thus,
the responses observed on fibronectin do not require a4b7
ligation, and the defective costimulation observed in the
absence of SLP-76 cannot be solely attributed to defects in
the upregulation of integrin affinity in the absence of SLP-
76. Furthermore, the costimulatory effects of integrin ligation
were most pronounced on OKT3-coated substrates that provide
physiologically relevant densities of TCR binding sites (see Sup-
plemental Data, available online).
Enhanced Adhesion Promotes Microcluster Formation
but Is Insufficient to Drive Costimulation
Integrin-dependent spreading and adhesion could enhance T
cell responses by increasing the area available for ligand recog-
nition by the TCR. To test this hypothesis, we employed, as
a control, antibodies to CD43, which drives T cell spreading with-
out eliciting the formation of SLP-76microclusters (Bunnell et al.,
2002). These and all subsequent assays were performed with re-
combinant human VCAM-1. VCAM-1 binds both VLA-4 and a4b7
(which is not required for costimulation; see above); however,
unlike fibronectin, VCAM-1 does not bind a5 integrins. High
doses of OKT3 supported weak, shear-sensitive adhesion (Fig-
ures 2A and 2B). In contrast, surfaces coated with either
VCAM-1 or anti-CD43 supported firm, shear-resistant adhesion,
even in the absence of TCR ligation. At the moderate OKT3
doses associated with optimal T cell costimulation, anti-CD43
also enhanced T cell spreading to the same degree as did a se-
ries of integrin ligands, further demonstrating the utility of this
pro-adhesive ligand (Figure 2C, Figure S1). Using this control,
we determined that T cell spreading is required, but insufficient,
for the generation of NF-AT:AP-1-dependent transcriptional re-
sponses (Figure 2D). The influence of VCAM-1 peaked when
the OKT3 coating density was 300 ng/ml (9.2 ± 0.8-fold greater
than OKT3 alone, mean ± SEM, n = 7 experiments, p < 0.001;
Figure 2E). This enhancement was significantly greater (p <
0.02) than that observed after the coligation of CD43 (2.3 ±
0.3-fold over OKT3 alone, mean ± SEM, n = 5 experiments, p <
0.001; Figure 2E). Because CD43 has been shown to transmit
either costimulatory or inhibitory signals in certain model sys-
tems, we also measured the NF-AT:AP-1 responses of T cells
stimulated in the presence of both anti-CD43 and VCAM-1
(Figure 2D) (Fierro et al., 2006; Tong et al., 2004). Under our assayImmunity 28, 810–821, June 2008 ª2008 Elsevier Inc. 811
Immunity
VLA-4 Inhibits Microcluster Translocationconditions, CD43 exhibited no inhibitory effect. Thus, increased
adhesion alone is insufficient to explain the costimulatory effects
of integrin ligands.
The NF-AT:AP-1 reporter employed here responds to phorbol-
ester-initiated signals but requires the nuclear translocation of
NF-AT, which is triggered by sustained increases of 100 to
200 nM in intracellular calcium (Negulescu et al., 1994). When
J14 cells that had been stably reconstituted with SLP-76.YFP
(hereafter, J14.SY cells) were stimulated as described above,
VLA-4 ligation significantly increased the calcium responses of
Figure 2. Adhesion Promotes the Formation of SLP-76
Microclusters but is Insufficient to Drive T Cell Costimulation
(A and B) Retention of J14.SY cells on glass surfaces coated with varying
doses of OKT3 alone (‘‘Null,’’B), OKT3 and recombinant human VCAM-1
(6), or OKT3 and anti-CD43 (,). Percent retention wasmeasured after (A)
low- and (B) high-shear stress. The mean ± SD of triplicate wells is shown;
all plots are representative of three independent experiments.
(C) J14.SY cells were fixed after 5 min of stimulation on OKT3-coated
glass surfaces in the presence or absence of anti-CD43, VCAM-1, fibro-
nectin (FN), and TS2/16. The data are presented as the mean ± SEM for
six independent wells containing a total of 50–170 cells per condition. Sig-
nificant deviations from the values observed after the ligation of the TCR or
the coligation of the TCR and CD43 aremarkedwith an asterisk ()) or hash
mark (#), respectively.
(D–G) J14.SY cells were assayed for NF-AT activation and calcium mobi-
lization in response to glass surfaces coated with OKT3 (B), OKT3 and
VCAM-1 (6), OKT3 and anti-CD43 (,), or OKT3, VCAM, and anti-CD43
(>). Significant differences are marked as in (C). (D) NF-AT responses
are presented as the mean ± SD of triplicate wells and are representative
of three independent experiments. (E) The fold enhancement of NF-AT ac-
tivity by pro-adhesive ligands (mean ± SEM; n = 7 for VCAM-1 and n = 5 for
anti-CD43). (F) The average intracellular calcium level maintained from 15
to 16 min after stimulation (mean ± SEM, n = 3). (G) The fold enhancement
of intracellular calcium by VCAM-1 and anti-CD43was calculated from the
data in (F). (H) The number of clusters per cell was calculated from the im-
ages prepared in (C) and is presented as the mean ± SEM for six indepen-
dent wells containing a total of 50–170 cells per condition.
T cells stimulated with 300 ng/ml OKT3 (142 ± 11 nM versus
30 ± 1 nM, mean ± SEM, n = 3 experiments, p < 0.05; Figures
2F and 2G, Figure S2). Although CD43 ligation also enhanced
the sustained calcium response elicited by this dose of
OKT3, this effect was much smaller and was not significant
(52 ± 11 nM versus 30 ± 1 nM, mean ± SEM, n = 3 experi-
ments, p = 0.17). Unexpectedly, VCAM-1 and anti-CD43
both inhibited the sustained calcium responses elicited in
response to higher doses of OKT3. These effects were signif-
icant (p < 0.05 for each ligand) but are unlikely to influence
NF-AT translocation given that neither ligand reduced the
sustained calcium level below 200 nM. These observations
indicate that the enhanced adhesion mediated by anti-
CD43 has very little influence on the quality of the sustained
calcium response, and they confirm that costimulation via
VCAM-1 requires the transmission of adhesion-independent
signals by VLA-4.
To evaluate whether VLA-4 ligation regulates the formation
of SLP-76 microclusters, we stimulated J14.SY cells on the
indicated substrates, fixed these cells after 5 min, and used
an algorithm to determine the number of SLP-76 microclus-
ters that were assembled per cell (Figure 2H, Figure S1). All
of the integrin ligands examined promoted the formation of
SLP-76 microclusters in response to 300 ng/ml OKT3 (p values
< 0.0015). Under these conditions, CD43 ligation also promoted
the formation of SLP-76 microclusters (p < 0.0001) despite its
relative inability to enhance TCR-induced NF-AT and calcium
responses. In fact, the number of SLP-76 microclusters did not
differ significantly between cells exposed to anti-CD43 and cells
exposed to the costimulatory VLA-4 ligands VCAM-1 (p = 0.062),
fibronectin (p = 0.27), or TS2/16 (p = 0.61). These observations
demonstrate that enhanced spreading and adhesion promote812 Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc.
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in the number of SLP-76 microclusters do not predict T cell
costimulation.
VLA-4 Ligation Immobilizes TCR-Induced
SLP-76 Microclusters
Because centralization might lead to the inactivation of SLP-76
microclusters, we examined the dynamic behavior of SLP-76 in
J14.SY cells stimulated in the presence of various pro-adhesive
ligands. The resulting image sets were projected into ‘‘maxi-
mum-over-time’’ images, in which persistent moving objects
appear as lines whereas immobile, or very transient, structures
appear as spots (Figure 3A). Consequently, the persistent and
mobile SLP-76 microclusters observed in response to TCR liga-
tion generate a star-like pattern. This pattern was not altered by
the coligation ofCD43.However, every VLA-4 ligand immobilized
SLP-76, resulting in a pattern composed of spots rather than ra-
dial lines. This effectwasdominant to themovement observed on
anti-CD43 (compare CD43 andV+43). To convey that the integrin
ligands immobilized, rather than destabilized, the SLP-76 micro-
clusters, radial sections from each cell were used to generate ky-
mographs (Figure 3B). In these panels, the inward movements
observed in the absence of integrin ligands appear as diagonal
lines progressing from the top left to the bottom right. In contrast,
the SLP-76 microclusters observed in the presence of integrin li-
gands persisted at their points of origin and appear as vertical
lines. By using anti-CD43 to support basal T cell adhesion and
spreading, we showed that VLA-4 ligation also inhibits themobil-
ity of the SLP-76 microclusters elicited by the lower OKT3 doses
associated with optimal costimulation (Figure 3C). These obser-
vations suggest that integrins contribute to T cell activation by in-
hibiting the centralization of SLP-76 microclusters.
To determine whether similar effects are observed in primary
T cells, human T cell blasts were transiently transfected with
SLP-76.YFP and then stimulated and imaged as described
above (Figure 3D,Movies S1 and S2). Microcluster centralization
was apparent in nearly two-thirds of the responding T cells
(Figure 3E) and was dramatically inhibited in response
to VCAM-1. As anticipated, VCAM-1 enhanced the calcium
responses of human T cell blasts stimulated under analogous
assay conditions (Figure S3). Thus, VLA-4 ligation could also
promote the activation of primary human T cells by altering the
mobility of SLP-76 microclusters.
VLA-4 Ligation Increases the Persistence
of SLP-76 Microclusters
Previously, we demonstrated that microcluster persistence is
correlated with T cell activation (Bunnell et al., 2006). To quantify
how VLA-4 ligation had an impact on this, and other, microclus-
ter parameters, we developed a particle-tracking algorithm that
accurately identified hundreds of microcluster traces in each
responding T cell (see Figure 4A, Movies S3–S5). Properties
derived from each microcluster trace were aggregated on
a cell-by-cell basis, andmeanmicrocluster properties are shown
in Figures 4B–4G (mean ± SEM, n = 6 cells). The sizes of SLP-76
microclusters were only minimally affected by pro-adhesive li-
gands (Figure 4B). Microcluster displacement was significantly
reduced by VCAM-1 (p = 0.0001; Figure 4C) but was not inhibited
in response to CD43 ligation. VLA-4 ligation also increasedmicrocluster persistence (p = 0.0083; Figure 4D), whereas the li-
gation of CD43 did not (p = 0.30). In large part, this effect was
driven by a significant increase in the fraction of SLP-76 micro-
clusters persisting throughout the assay (p = 0.0017 for VCAM-
1, p = 0.39 for anti-CD43; Figure 4E). Consistent with these ef-
fects, the lifetime-averaged microcluster speed was reduced in
response to VCAM-1 (p = 0.0012; Figure 4F), but was unaffected
by the ligation of CD43 (p = 0.29). Because individual microclus-
ters display periods of rapid movement and relative immobility,
we also extracted themaximum speeds sustained over a 6 swin-
dow (Figure 4G). By this method, the peak microcluster speed
achieved in the absence of VCAM-1 was 144 ± 16 nm/s. Compa-
rable values were also obtained by manual measurement of the
speeds of the sustained microcluster movements observed in
kymographs (137 ± 15 nm/s, mean ± SEM, n = 11 cells). Both
values were similar to the manually calculated microcluster
speeds observed in primary human T cell blasts (144 ± 22 nm/s,
mean ± SEM, n = 11 cells), suggesting that microcluster move-
ment is regulated by mechanisms common to both primary
and transformed T cells. Overall, these observations suggest
causal links among reduced microcluster mobility, increased
microcluster persistence, and effective costimulation.
VLA-4 Ligation Prolongs Lateral Interactions
between ZAP-70 and SLP-76
We postulated that the VLA-4-dependent immobilization of SLP-
76 favors T cell activation by prolonging the interaction of SLP-76
with its upstream kinase, ZAP-70. To test this hypothesis, we ex-
pressed a ZAP-70 chimera taggedwith monomeric cyan fluores-
cent protein in J14.SY cells. When these cells were stimulated in
the absence of VCAM-1, ZAP-70 (red) was retained in static mi-
croclusters, whereas SLP-76 microclusters (green) formed in
the periphery and were transported to the center of the contact
(Figure 5A,Movie S6). SLP-76microclusters arose as distinct do-
mains at the edges of pre-existing ZAP-70 microclusters. Coloc-
alization (yellow) was only observed at the boundaries of these
distinct domains. Finally, SLP-76microclusters interacted serially
withZAP-70microclustersas theymoved toward thecenterof the
contact (Movie S6). These events are illustrated more clearly in
Figure 5B and Movie S7, in which a SLP-76 microcluster breaks
away from a ZAP-70 microcluster (first asterisk), moves inward,
and is transiently captured by a second ZAP-70 microcluster
(arrow) before resuming its inward movement (second asterisk).
To emphasize how TCR- and ZAP-70-containing microclus-
ters influence the movement of SLP-76 microclusters, we plot-
ted the trajectories of individual SLP-76 microclusters, encoding
their instantaneous speed with the use of a color scale (blue,
immobile; red, > 100 nm/s; Figure 5C). Maximum-over-time pro-
jections depicting the localization of ZAP-70 are shown in white.
Consistently, SLP-76 microclusters achieved their highest
speeds far from ZAP-70 microclusters and slowed when adja-
cent to ZAP-70. On average, proximity to ZAP-70 slowed SLP-
76 microclusters by 19 ± 2.2 nm/s (mean ± SEM, n = 3). SLP-
76microclusters rarely passed ‘‘through’’ ZAP-70microclusters,
indicating that ZAP-70 microclusters present a physical barrier
to themovement of SLP-76 (Figure 5D). However, SLP-76micro-
clusters often ‘‘hung on’’ to ZAP-70 microclusters and were
slowed or stopped by lateral interactions with ZAP-70 micro-
clusters, indicating that additional interactions couple theseImmunity 28, 810–821, June 2008 ª2008 Elsevier Inc. 813
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tended to dissipate while far from ZAP-70 microclusters
(Figure 5D).
Similar analyses confirmed that the coligation of VLA-4 retains
SLP-76 microclusters in the vicinity of their initiating ZAP-70 mi-
croclusters (Figures 5A, 5E, and 5F; Movie S8). Under these con-
ditions, SLP-76 was rarely observed apart from ZAP-70. How-
ever, SLP-76 microclusters continued to undergo small local
movements by sliding around their initiating ZAP-70 microclus-
ters, by transferring between adjacent ZAP-70 microclusters,
or, more rarely, by transiting narrow gaps between ZAP-70 mi-
croclusters (Figure 5F). Thus, ZAP-70 microclusters transiently
slow adjacent SLP-76 microclusters, whereas the coligation of
VLA-4 largely inhibits the detachment of SLP-76 from ZAP-70
microclusters.
Figure 3. Integrin Ligation Immobilizes SLP-76
Microclusters
(A–B) J14.SY cells were stimulated on OKT3 in the ab-
sence (‘‘Null’’) or presence of the indicated pro-adhe-
sive ligands. (A) Representative ‘‘maximum over time’’
(MOT) images are shown. (B) Kymographs were pre-
pared from the image sets in (A). Scale bars represent
2 mm 3 15 s.
(C) Substrates were coated with 300 ng/ml OKT3 and
1 mg/ml anti-CD43, alone (‘‘CD43’’) or with 1 ug/ml
VCAM-1 (‘‘V+43’’). MOT images (upper panels) and
kymographs (lower panels) display the trajectories of
SLP-76 microclusters. Scale bars represent 10 mm
(upper), 2 mm3 15 s (lower). Images are representative
of two independent experiments.
(D) Human T cell blasts transfected with SLP-76.YFP
were stimulated on OKT3, alone (left) or with 1 ug/ml
VCAM-1 (right). Images and scale bars are presented
as in (C) and are representative of three independent
experiments.
(E) All cells imaged in (D) were classified as displaying
mobile SLP-76 microclusters, static microclusters, or
an intermediate phenotype.
VLA-4 Ligation Retains SLP-76 in
Extensively Tyrosine-Phosphorylated
Peripheral Domains
To determine whether the immobilization of
SLP-76 near its upstream kinase was func-
tionally significant, we examined the colocal-
ization of SLP-76 (green) with phosphotyro-
sine-rich microclusters (‘‘pY,’’ red) in fixed
J14.SY cells (Figure 6). In the absence of
VCAM-1, poorly phosphorylated SLP-76 mi-
croclusters were routinely found in the cen-
ter of the contact (upper panels). In contrast,
when VCAM-1 was present, nearly all of the
SLP-76 microclusters were found in highly
phosphorylated structures at the periphery
of the contact (lower panels). These images
also indicated that the periphery and center
of the contact are differentially tyrosine
phosphorylated whether integrin ligands
are present or not. Importantly, these obser-
vations indicate that the formation of distinct
central and peripheral domains, characterized by weak and
strong tyrosine phosphorylation, does not require the lateral
movement of the TCR.
SLP-76 Comigrates with Retrograde Actin Flows
that are Slowed by VLA-4 Ligation
Dynamic actin polymerization is restricted to the periphery of
the stimulatory contact, is required to sustain ongoing calcium
elevations, and drives the centralization of TCR microclusters
(Bunnell et al., 2001; Valitutti et al., 1995; Varma et al., 2006).
To examine whether the actin cytoskeleton contributes to the
nucleation and transport of microclusters in our model system,
we examined the distribution and movement of EGFP-labeled
actin (pseudocolored red) relative to ZAP-70.mRFP1 or SLP-
76.mRFP1 chimeras (pseudocolored green). Whether or not814 Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc.
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microclusters within actin-rich structures at the leading edges of
the responding T cells (Figure 7A, Movies S9–S12). During the
early stages of contact formation, the actin-rich leading edge
frequently advanced beyond ZAP-70 microclusters, which sub-
sequently persisted in place. As shown in Figure 7B, ZAP-70 mi-
croclusters always formed at sites within advancing lamellipodia
(white arrows), and SLP-76 microclusters arose from distinct ac-
tin-rich structures at the boundaries of the contact, confirming
that an intimate relationship exists between the actin cytoskele-
ton and nascent microclusters.
After forming in the periphery of the contact, SLP-76 micro-
clusters traversed a 3–6 mm-wide peripheral zone, unless
retarded by the presence of VCAM-1. Even in the presence of
VCAM-1, some SLP-76 microclusters were detected in the cen-
ter of the contact. Although these microclusters were capable of
movement, their movement was relatively slow and was not uni-
Figure 4. VLA-4 Ligation Alters the Speed and Duration of
SLP-76 Microclusters
(A–F) J14.SY cells were stimulated and imaged as in Figure 3. Particle
traces and properties were calculated for all microclusters arising within
the first minute of a 5 min imaging assay (see Supplemental Data). (A)
Lines connecting the origin and endpoint of every microcluster trace
were pseudocolored to indicate the lifetime average speed of each micro-
cluster. (B–F). Microcluster properties are presented as the mean ± SEM
for six independent cells. Significant deviations from the values observed
after the ligation of the TCR or the coligation of the TCR and CD43 are
marked with an asterisk ()) or hash mark (#), respectively. The (B) lifetime
average radius, (C) cumulative displacement, (D) duration, (E) fraction per-
sisting formore than fourminutes, (F) lifetime average speed, and (G) max-
imum sustained speed are shown.
formly directed. This undirected movement was much more
apparent in a subpopulation of unusually large cells that
arose after transfection with SLP-76.mRFP1 (Figure S4).
These behaviors suggest that the contact region is divided
into (1) a distal zone characterized by dynamic actin polymer-
ization and microcluster formation, (2) a peripheral zone
characterized either by directed SLP-76 movement or by
the persistent immobilization of SLP-76, and (3) a central
domain displaying undirected SLP-76 movement (see
Figure 7A, illustrations at right).
VCAM-1 also altered the actin dynamics within these cells.
As previously demonstrated in the absence of VCAM-1 (Bun-
nell et al., 2001), the boundary of the contact becomes ir-
regular at the relatively late time points displayed here
(Figure 7A; upper panels). In addition, the leading lamellipo-
dia fluctuate over time, and their behavior is not coordinated
along the circumference of each cell. The inclusion of VCAM-1
smoothed the perimeter of the contact (Figure 7A, lower
panels) and caused leading lamellipodia to remain anchored
near the most distal ZAP-70 or SLP-76 microclusters (com-
pare Movies S9 and S11 to Movies S10 and S12). Further-
more, VCAM-1 slowed the retrograde movement of actin-
containing structures in the periphery of the contact. The
movement of these actin-rich features in the absence of
VCAM-1 produced the diagonal streaks apparent in
Figure 7B (moving from top left to bottom right) and in the up-
per panel of Figure 7C (red arrows). In contrast, the actin-rich
features produced in the presence of VCAM-1 moved inwards
much more slowly (Figure 7C; lower panel, red arrows). This
slowing of actin occurs in the absence of SLP-76 (Figure S5)
and is consistent with the previously observed effects of integ-
rins on the actin cytoskeleton (Hu et al., 2007).
Because the TCR and SLP-76 are both capable of binding to
the actin cytoskeleton, integrins might indirectly influence the
movements of microclusters through their effects on the actin
cytoskeleton (see model, Figure S6). In Figure 7B, the inward
movement of actin closely matches the inward movement of
SLP-76 (note the red and green diagonal features). To compare
these movements, we manually calculated the speeds of actin
features and SLP-76 microclusters from multiple kymographs.
In the absence of VCAM-1, actin features centralized at an aver-
age sustained rate of 71.8 ± 3.2 nm/s (mean ± SEM, n = 13 kymo-
graphs, in three experiments), whereas SLP-76 microclusters
centralized at 53.9 ± 3.5 nm/s (mean ± SEM, n = 6 kymographs,Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc. 815
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VLA-4 Inhibits Microcluster Translocationin three experiments). These observations are consistent with
the coupling of SLP-76microclusters to actin flows at a duty ratio
of 0.75. VCAM-1 slowed the actin features (12.5 ± 4.3 nm/s,
mean ± SEM, n = 13 kymographs, in five experiments), but it
slowed SLP-76 microclusters to a greater extent (4.1 ± 0.4 nm/s,
mean ± SEM, n = 6 kymographs, in three experiments), yielding
Figure 5. VLA-4 Slows SLP-76 and Prolongs its Lateral Interac-
tions with ZAP-70
J14.SY cells transfected with ZAP-70.mCFP were stimulated and imaged
as in Figure 3.
(A) Individual frames and ‘‘maximum over time’’ images show ZAP-70 in
red and SLP-76 in green. Scale bars represent 5 mm.
(B) Kymographs displaying themovement of SLP-76microclusters (green)
relative to ZAP-70 microclusters (red). Scale bars represent 2 mm 3 15 s.
(C–F) Particle-tracking algorithms were used for identification of SLP-76
microclusters. Detailed trajectories of SLP-76 microclusters were pseu-
docolored, with increasing instantaneous speeds portrayed on a scale
varying from blue to green to red (inset). In (C) and (E), trajectories encod-
ing microcluster speed are shown in the left panel, an MOT image of ZAP-
70 is shown in the center panel, and an overlay is shown in the right panel.
The panels in (D) and (F) display individual microcluster trajectories. In (D),
the scale bar represents 2 mm and all images are oriented so that radial in-
wardmovement runs from left to right. In (F), the scale bar represents 1 mm
and the positions of the red circles indicate the direction to the center of
the contact interface. Comparable results were obtained in three indepen-
dent experiments.
a duty ratio of 0.33. Thus, actin flowsmight provide the forces
required for SLP-76 movement. However, these forces could
be resisted by the interactions of SLP-76 microclusters with
distinct cellular structures (Figure S6).
To determine whether actin flows govern the movement of
SLP-76, we allowed J14.SY cells to form microclusters and
then treated these cells with cytochalasin D (Figure 7D, solid
arrows). This drug caps the barbed ends of actin filaments,
and it potently inhibits actin flows by preventing the incorpo-
ration of actin monomers at the leading edge (Cooper, 1987).
In carrier-treated cells (Figure 7D,Movie S13), SLP-76micro-
clusters continued to arise in the periphery of the contact and
to move inwards (asterisks). In contrast, cytochalasin D
(Figure 7D, Movie S14) blocked the formation and central-
ization of SLP-76 microclusters (open arrows). In addition,
cytochalasin D treatment caused a rapid ‘‘dimming’’ of the
immobilized SLP-76 microclusters relative to the cytoplasmic
background of free SLP-76 (Figure 7D, lower right panel; Movie
S14). These data confirm that actin flows play a dominant role
in the movement of SLP-76 microclusters and indicate that
dynamic actin polymerization is required for the assembly of
SLP-76 microclusters.
Figure 6. VLA-4 Ligation Retains SLP-76 Microclusters in
Regions of High Tyrosine Phosphorylation
J14 cells stably expressing SLP-76.YFP (green) were stimulated as in
Figure 3. Cells were fixed after 5 min and stained for phosphotyrosine
(‘‘pY,’’ red). Scale bars represent 5 mm. These images are representative
of > 50 cells imaged in 10 independent wells.816 Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc.
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Our previous studies suggested that persistent SLP-76 micro-
clusters are required for T cell activation but did not address the
role of microcluster centralization (Bunnell et al., 2006). However,
severalmodels have suggested thatmicrocluster centralization is
antagonistic to T cell activation (Lee et al., 2003; Mossman et al.,
2005). Here, we establish that integrin ligation potently inhibits the
movement of SLP-76 microclusters. This qualitative impact on
microclustermobilitypredicts Tcell costimulation,whereasadhe-
sion-dependent increases in the number of SLP-76microclusters
do not. Identical changes inmicrocluster mobility are observed in
human T cell blasts, confirming that the immobilization of SLP-76
could contribute to the costimulation of primary T cells. This im-
mobilization retains SLP-76 in close proximity to its upstream ki-
nase, ZAP-70, and could contribute to the increased persistence
of these structures in the presence of VCAM-1. Furthermore, the
VLA-4-dependent immobilization of SLP-76 is associated with
significant reductions in retrograde actin flow,which, in turn, is re-
quired for the centralization of SLP-76 microclusters. Our work
suggests that integrins promote T cell activation by retarding ret-
rograde actin flows and enabling the prolonged transmission of
signals from complexes retained at their sites of nucleation.
In these studies, we discriminated between costimulatory ef-
fects resulting from enhanced adhesion or from integrin-depen-
dent signals by using an immobilized CD43-specific antibody as
a pro-adhesive ligand. Under our assay conditions, the ligation of
CD43 neither costimulated NF-AT activation nor augmented
TCR-induced calcium responses. Although our results differ
from previous studies in which CD43 acts as a costimulator,
we attribute these differences to our use of a distinct monoclonal
antibody and to differences in our stimulation procedures (Fierro
et al., 2006). Nevertheless, this antibody enabled us to conclude
that pro-adhesive signals are not sufficient to drive costimulation
even though they enhance T cell spreading and facilitate the
formation of SLP-76 microclusters.
Although LFA-1 ligands are routinely employed in lipid-bilayer
models of the immune synapse, the retardation of microcluster
centralization has not been reported in this system. We believe
that this discrepancy is due to the extremes of ligand mobility
observed in our model and in the lipid-bilayer model. In support
of our observations, we note that the transmembrane and cyto-
plasmic tails ofCD80andVCAM-1 inhibit thecentralizationof their
ligands (Carrasco and Batista, 2006; Tseng et al., 2005). Thus,
these costimulatory ligands appear to influence the topologies
of physiological synapses by interacting with relatively immobile
structures within APCs. To resolve this issue, additional studies
will need to be performed under conditions that more accurately
replicate themechanical properties of antigen-inducedsynapses.
Prior to this study, ZAP-70 andSLP-76were reported to coloc-
alize in response to TCR ligation (Barda-Saad et al., 2005; Bun-
nell et al., 2002; Yokosuka et al., 2005). In contrast, the dynamic
imaging studies presented here indicate that ZAP-70 andSLP-76
colocalize in nascent microclusters but segregate into distinct
structures that only interact along their edges. These microclus-
ters (450 nm) barely exceed the resolution limit of light micros-
copy (220nm). Thus, relativelyminor procedural changesmight
contribute to our ability to resolve these structures. First, the in-
clusion of detergents could blur the boundaries of these domainsin permeabilized cells. Second, dynamic processes blocked by
fixation could maintain the segregation of ZAP-70 and SLP-76.
Third, prolonged maturation could be required for these proteins
to partition into distinct structures. Our system is detergent-free,
is dynamic, and, due to the immobilization of the stimulatory an-
tibody, produces long-lived TCRmicroclusters. We propose that
TCR ligation initially drives the recruitment of the TCR and SLP-
76 into distinct, interdigitated complexes that are below the res-
olution limit of lightmicroscopy. These structures could resemble
the distinct lipid domains previously observed by transmission
electron microscopy (Lillemeier et al., 2006; Wilson et al., 2000;
Wilson et al., 2001). Furthermore, we propose that these com-
plexes mature, partitioning into the distinct, resolvable micro-
clusters observed in our studies. Thismodel is consistent with re-
lated studies in which the TCR and CD2 segregated from one
another over time (Douglass and Vale, 2005). Importantly, ZAP-
70 and SLP-76 only interact at the boundaries of the mature do-
mains observed in our studies. We expect this segregation to im-
pose an important constraint on the sizes of signaling domains.
Ultimately, dynamic studies employing techniques capable of
greater spatial resolution will be required for confirmation of
where and when SLP-76 interacts with ZAP-70.
Previously, we demonstrated that ZAP-70, LAT, and Grb2 are
recruited into microclusters at the boundaries of nascent con-
tacts (Bunnell et al., 2002). Despite the persistence of ZAP-70
microclusters in the center of the contact, the peripheral domain
capable of supporting microcluster assembly thins as the con-
tact matures, yielding a circumferential ring coincident with
a dense band of peripheral actin (Bunnell et al., 2001). VLA-4
ligation, which retained SLP-76 within highly phosphorylated
and actin-rich peripheral signaling complexes, increased the
fraction of SLP-76 microclusters exhibiting high persistence
more than 3-fold. Furthermore, the inhibition of actin polymeriza-
tion immediately abolished the assembly of SLP-76 microclus-
ters. Thus, the restriction of actin polymerization to the periphery
of the contact appears to limit the initiation of TCR-dependent
signals to this domain (Varma et al., 2006).
Dynamicactinpolymerizationprovides themotive force required
for the movement of SLP-76 microclusters. VLA-4 ligation slows
these inward actin flows in a SLP-76-independent manner that is
consistentwith the behavior of the ‘‘molecular clutch’’ that couples
immobilized integrins to the actin cytoskeleton (Hu et al., 2007).
These reduced actin flows appear to be translated into reduced
rates of SLP-76 movement. However, the rate of these reduced
actin flows exceeds the rate of SLP-76movement by an increased
margin. Therefore, we favor a model in which VLA-4 inhibits the
movement of SLP-76 through at least two mechanisms, involving
integrin-induced reductions in actin flow and the strengthening of
interactions that tether SLP-76 to immobile receptors.
The TCR also binds to the actin cytoskeleton (Billadeau et al.,
2007). Because the TCR does not slow retrograde actin flows in
the same manner as that of VLA-4, the TCR must be less tightly
coupled to the actin cytoskeleton than VLA-4. Nevertheless, the
simultaneous coupling of the TCR and SLP-76 to the actin cyto-
skeleton could enable immobilized TCR microclusters to slow
the movement of nearby SLP-76 microclusters. Reciprocally,
these interactions could explain why the laterally mobile TCR
microclusters elicited on antigen-presenting lipid bilayers are
centralized at speeds comparable to those of SLP-76Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc. 817
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VLA-4 Inhibits Microcluster TranslocationFigure 7. VLA-4 Ligation Coordinately Slows the Inward Movements of SLP-76 and Actin
(A–B) Jurkat E6.1 cells stably expressing EGFP-actin (red) were transfected with either ZAP-70.mRFP1 or SLP-76.mRFP1 (green) and were stimulated and
imaged as in Figure 3, with one exception: imaging was initiated 2–5 min after plating of the responding cells. (A) Representative frames are shown. The818 Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc.
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VLA-4 Inhibits Microcluster Translocationmicroclusters (Yokosukaet al., 2005). This hypothesis is also con-
sistent with the rapid inhibition of TCR centralization after the ad-
dition of actin-depolymerizing agents (Varma et al., 2006). We
propose that SLP-76 microclusters and TCR microclusters are
normally driven to the center of the contact through their interac-
tionswith common actin-dependent structures undergoing retro-
grade flow.
Our observations suggest that VLA-4 ligation favors the reten-
tion of laterally mobile TCR and SLP-76 microclusters in the
periphery of the immunological synapse. In this regard, it is inter-
esting to note that double-positive thymocytes and Th2 cells
both express activated VLA-4 (Kitazawa et al., 1997; Lim et al.,
2000; Salomon et al., 1994). Therefore, VLA-4 ligation might fa-
cilitate the assembly of the less-centralized multifocal synapses
characteristic of these cell types (Balamuth et al., 2001; Hailman
et al., 2002). Recent studies have shown that VLA-4 biases T
cells toward Th2 responses (Mittelbrunn et al., 2004) and pro-
motes the positive selection of thymocytes (Paessens et al.,
2008). It is interesting to speculate that VLA-4-dependent
changes in the topology of the immunological synapse contrib-
ute to these processes.
In conclusion, we have shown that T cell costimulation through
VLA-4 is associated with dramatic reductions in the mobility of
cytoskeletal and signaling structures. We suggest that these
changes occur because VLA-4 tethers the T cell cytoskeleton
to relatively immobile ligands residing on the antigen-presenting
surface. These changes prolong the association of the TCR with
its attendant signaling complexes and alter the localization of
these signaling complexes within the synapse. These effects
could account for the ability of integrins to influence T cell activa-
tion, development, and differentiation. We predict that compara-
ble effects on the movement of cytoskeletal and signaling struc-
tures govern the outcome of the diverse processes involving
antigen receptors and integrins.
EXPERIMENTAL PROCEDURES
Antibodies, Recombinant Proteins, and Expression Vectors
Jurkat cells were stimulated with the use of OKT3, an antibody specific for the
human CD33 chain (Bio-Express). The following adhesive ligands were
employed: anti-CD43 (BD Biosciences, clone 1G10), purified human fibronec-
tin (Invitrogen), and recombinant human VCAM-1 (R&D Systems). The b1-ac-
tivating antibody, TS2/16 (ATCC), was purified from culture supernatants.
Recombinant human IL-2 was provided by the National Institutes of Health
AIDS Research and Reference Reagent Program. Immunofluorescence stud-
ies were performed with the use of pY-100 (Cell Signaling) and Alexa-647-con-
jugated goat anti-mouse IgG1 (Molecular Probes, A21240). ZAP-70.mRFP1
and SLP-76.mRFP1 were prepared by replacement of the YFP tags present
in previously described constructs with mRFP1 (Bunnell et al., 2002; Campbell
et al., 2002).
Human T Cell Isolation, Culture, and Transfection
Jurkat cells were maintained and transfected as described; all stably trans-
fected cell lines have been described previously (Bunnell et al., 2002; Bunnell
et al., 2001; Bunnell et al., 2006; Singer et al., 2004). Human blood samples
were obtained from normal healthy volunteer donors after acquisition of the
volunteers’ informed consent. Human peripheral blood mononuclear cells
were isolated on Ficoll gradients, rinsed in normal culture medium, and stimu-
lated with phytohemagglutinin (10 mg/ml). After 24 h, the cells were resus-
pended in media containing 20 units/ml IL-2. After 5 days, > 95% of the cells
were positive for CD33 and CD49d. Transient transfections were performed
6–8 days after stimulation. T cell blasts were resuspended in Aim V culture me-
dium supplemented with 10% human serum AB (Sigma), 20 mM glutamine,
10mg/ml ciprofloxacin, and50mMdithiothreitol. Immediately prior to transfection,
cells were rinsed and resuspended at 108 cells per ml in 250 ml of complete
medium containing 100 mg of the previously described Homo sapiens SLP-
76.YFP expression construct. Transfections were performed in 4 mm-gap
cuvettes with the use of a BTX ECM 830 electroporator with a single pulse
of 385 V and 6 ms (Bell et al., 2001). Cells were immediately transferred to pre-
warmed complete medium and allowed to recover for 6–12 hr prior to analysis.
All procedures involving human samples were performed with the approval of
the Tufts Medical Center and Tufts University Health Sciences Institutional
Review Board.
Plate-Coating and Stimulation Conditions
All functional and imaging assays were performed in identically prepared
96-well coverglass-bottomed plates (Whatman/Matrix Technologies). Plates
were coated with 0.01% poly-L-Lysine (Sigma) for 5 min at room temperature.
The remaining liquid was aspirated, and the plates were dried at 42C for
30 min. Proteins were sequentially adsorbed onto the plates for 3 h at 37C
in the following order: First, the plates were coated with the indicated doses
of OKT3. Second, the plates were coated with pro-adhesive ligands. Third
and finally, the plates were blocked with 1% BSA. The coated plates were
stored in PBS at 4C. Unless otherwise noted, the following coasting con-
centrations were employed: OKT3 and anti-CD43, 10 mg/ml; fibronectin and
TS2/16, 3 mg/ml; VCAM-1, 1 mg/ml. Prior to the initiation of each experiment,
PBS was replaced with complete culture media buffered with 25 mM HEPES,
pH 7.4. The estimation of available TCR-binding sites is detailed in the
Supplemental Data.
Plate-Bound Adhesion Assay
J14.SY cells were resuspended at 107 cells/ml in PBS containing 4 mM
BCECF-AM (Molecular Probes) and incubated at 37C for 30 min. Labeled
cells were seeded into coated 96-well plates at 2.5 3 105 cells per well and
allowed to adhere for 30 min at 37C. BCECF fluorescence was measured in
a SpectraMax fluorescent plate reader (Molecular Devices) with the use of
a 488 nm excitation window, a 515 nm cutoff filter, and a 530 nm emission
window. BCECF retention was calculated after stepwise 30 s bursts in a Vor-
tex-Genie2 plate shaker at settings of 4 (low shear) and 6 (high shear) (Fisher
Scientific).
Plate-Bound Functional Assays
All transcription assays were performed as previously described (Bunnell et al.,
2006). In brief, NF-AT/AP-1 luciferase responses were normalized to an inter-
nal Renilla luciferase control, driven by a thymidine-kinase promoter, and
expressed as a percentage of the response to PMA and ionomycin. For cal-
cium assays, T cells were loaded with 10 mM Indo-1-AM (Molecular Probes)
illustrations identify regions displaying distinct actin and SLP-76 microcluster behaviors. (B) Kymographs were generated from the image sets in the upper panel
of (A). Black arrows identify immobile ZAP-70 microclusters; white arrows identify points at which ZAP-70 microclusters arise in conjunction with small accumu-
lations of actin. Scale bars represent 3 mm 3 60 s.
(C) Jurkat E6.1 cells stably expressing EGFP-actin were stimulated and imaged as in (A). Kymographs were prepared as in (B). Red arrows identify actin-rich
features undergoing inward movement. Illustrations identify a region containing dynamic lamellipodia (‘‘Lp,’’ light gray), a region displaying inward actin move-
ment (medium gray), and the actin-poor center of the contact.
(D) J14.SY cells were stimulated on immobilized OKT3 and treated with carrier or with 10 mM cytochalasin D after 1 min (large arrows). SLP-76 microclusters that
undergo centralization are marked with asterisks ()), whereas microclusters that cease moving are marked with open arrows. Scale bars represent 2 mm3 15 s.
‘‘Maximum over time’’ images were compiled from the full image series and from the images acquired before or after the addition of carrier or drug. Scale bars
represent 10 mm. All images are representative of > 50 cells imaged in three independent experiments.Immunity 28, 810–821, June 2008 ª2008 Elsevier Inc. 819
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VLA-4 Inhibits Microcluster Translocationas previously described (Williams et al., 1998). Probenecid was added at
0.5 mM to limit dye loss over time. Plate-bound calcium assays were initiated
by the injection of 10 ml of media containing either 2 3 105 Jurkat cells or 1 3
106 human peripheral blood T cells into the bottoms of stimulatory wells con-
taining 80 ml of prewarmed Solution 3 (Williams et al., 1998). Calcium-free and
calcium-bound Indo-1 fluorescence was monitored with the use of a FlexSta-
tion fluorescent plate reader (Molecular Devices) held at 37C. Intracellular
calcium concentrations were derived as described in the Supplemental Data.
Cellular Imaging
For live cell imaging, cells were injected into coated wells and imaged with
a Perkin-Elmer Ultraview spinning-disk confocal-imaging system as described
previously (Bunnell et al., 2006). Unless otherwise noted, images were col-
lected continuously for 5 min. Immunofluorescent stains were performed as
described previously (Bunnell et al., 2003).
Image Processing
All image manipulations were performed with the use of iVision-Mac (BioVi-
sion). All images were normalized to emphasize visually apparent features.
All normalizations preserve the linearity of the raw data, with one exception:
the ZAP-70.mRFP1 images were gamma-corrected to emphasize the visibility
of microclusters that were faint relative to the cytoplasmic background. Clus-
ter-counting and tracking algorithms were developed with the use of iVision
and are detailed in the Supplemental Data.
Figure Preparation and Statistical Analyses
All graphs were preparedwith the use ofMicrosoft Excel andMicrosoft Power-
point. High-resolution figures were prepared with the use of iVision and Eazy-
Draw. Standard deviations and standard errors were calculated with the use of
Microsoft Excel. Statistical significances were calculated in Kaleidagraph or
Excel, with Student’s t tests used for unpaired samples. In all cases, the
threshold p value required for significance was 0.05.
SUPPLEMENTAL DATA
Six supplemental figures and fourteen supplemental movies are available on-
line at http://www.immunity.com/cgi/content/full/28/6/810/DC1/.
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